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ABSTRACT: Phosphorus is fast becoming a critical element, as Y g
the global supply and demand are reaching unsustainable levels. R ‘LJ

Herein, the synthesis, characterization, and applicability of a novel : %
biomass-derived mesoporous carbonaceous material decorated
with CeO, (Ce0,-S400) as an efficient catalyst for the
dephosphorylation of 4-nitrophenyl phosphate disodium salt
hexahydrate are reported. The presence and distribution of CeO,
are evidenced by inductively coupled plasma mass spectrometry
(ICP-MS) (118.7 mg/g), high-resolution transmission electron
microscopy (HRTEM), and energy dispersive X-ray (EDX)
mapping. The apparent rate constant for the efficient catalysis of
4-nitrophenyl phosphate disodium salt hexahydrate was 0.097 +
0.01 for CeO,-ES and 0.15 + 0.03 min~" for CeO,-S400, which
followed first-order kinetics. Rate constants normalized by the catalytic loading (k,,) were 80.84 and 15.00 ¢”* min~" for CeO,-ES
and Ce0,-5400, respectively, and the normalized rate constants with respect to surface area were 3.38 and 0.04 m™* min ™" for CeO,-
ES and CeO,-S400, respectively. This indicates that the presence of CeO, nanoparticles has a catalytic effect on the
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dephosphorylation reaction.

1. INTRODUCTION

As the global population continues to increase, food supply
and food security have become a grand challenge, as does the
importance of phosphorus because of its use in fertilizers.'
However, phosphorus is fast becoming a critical element in
many parts of the world, as supply cannot meet demand.
Phosphorus is an important constituent in soil, but its
concentration gradient can vary from one geographic region
to another. The quality and easy availability of existing
phosphate rocks are declining.* The production of phosphate
rock is predicted to reach its peak before 2040, and the
reserves will be wholly exhausted by the end of this century.®
The extraction of phosphorus is an expensive task, and the
catalytic performance of natural phosphatases is sensitive to the
environmental conditions, for example, high reaction temper-
ature, pH, etc.® Therefore, synthetic catalysts that are
alternatives of natural phosphatases are emerging as promising
candidates because of their stability and cost effectiveness. One
interesting way forward to obtain phosphorus is from already
phosphorylated biomolecules” via catalytic dephosphorylation,
which hydrolytically cleaves phosphate ester bonds to release
free phosphate anions that can be reutilized, for example, in
fertilizer production.®”

In last few years, nanoceria (CeO,) has been reported to
exhibit multiple enzymatic activities, including superoxidase
and catalase because of its ability to switch between +3 and +4
oxidation states.'’ CeO, is ideal for dephosphorylation because

© 2022 The Authors. Published by
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the oxygen vacancies within its structure are believed to be
active sites for catalytic dephosphorylation."' Manto et al.'”
reported dephosphorylation for phosphorus recovery from
organic and biological molecules using CeO, with different
morphologies. Kuchma et al."> investigated the dephosphor-
ylation activity of CeO, with respect to the presence of Ce**
and Ce*" sites, concluding that the latter inhibited catalytic
activity. However, the use of unbound or homogeneous nano-
CeO, is problematic because of leaching of Ce®"/Ce*" ions
into solvent media and/or binding to substrates. Leaching, size,
and agglomeration of CeO, can be prevented via depositing
CeO, on a porous solid support, thus not affecting its
reactivity.'* Therefore, mesoporous carbonaceous materials
derived from polysaccharides (Starbons) may prove to be ideal
substrate materials due to their tunable functionality and
surface composition."> Polysaccharides, such as starch and
alginic acid, can be employed as precursors for the manufacture
of carbonaceous materials with multiple porosities ranging
from micro (<2 nm) to meso (>2 and <50 nm) to macro (>50
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nm)."® Starbons have been widely employed for environmental
remediation, for example, dye and metal adsorption,'” but their
utility as a support in catalysis for the dephosphorylation
reaction is novel.

Thus, this research explores the synthesis and character-
ization of a novel mesoporous material impregnated with
CeO,, derived from noncarbonized expanded starch (CeO,-
ES), and its corresponding carbonized equivalent (CeO,-
S400). The usefulness as a dephosphorylation catalyst is
explored for the conversion of 4-nitrophenyl phosphate
disodium salt hexahydrate in the aqueous phase to 4-
nitrophenol. 4-Nitrophenyl phosphate disodium is a model
compound used for the dephosphorylation reaction because its
conversion can be easily tracked by UV—visible spectroscopy.
The importance of the prepared structures is an environ-
mentally friendly biomass-based support system for CeO,
nanoparticles and their uniform distribution over the highly
porous Starbon bed and for CeO, to act as active sites for the
dephosphorylation catalytic reactions. The dephosphorylation
catalytic efficiency of the materials will be investigated along
with their reusability.

2. EXPERIMENTAL SECTION

2.1. Reagents. All the chemicals were reagent grade and
used without any further purification. Hylon VII high-amylose
corn starch (HACS, 75% amylose content) was purchased
from National Starch and Chemical limited. Cerium acetate
(81—83%), para-toluene sulfonic acid (PTSA) (>98.5%), tert-
butanol (TBA, >99.0%), sodium hydroxide, para-nitrophenyl
phosphate disodium salt hexahydrate (p-NPP, >99%), L-
ascorbic acid, ammonium molybdate, and sulfuric acid were
purchased from Sigma-Aldrich Ltd. Absolute ethanol and
acetone were obtained from VWR Chemicals. Deionized water
was supplied in the laboratory via an ELGA Centra system.

2.2. Microwave and Carbonizing Process. In the first
step, the expansion of Hylon VII was carried out using a CEM
Mars 6 Microwave reactor. The carbonization process was
performed in a mufile furnace with the following protocol: first
stage: temperature increased from ambient to 100 °C at a rate
of 5 °C min~'; second stage: temperature increased to 210 °C
at a rate of 0.2 °C min~'; third stage: temperature increased to
400 °C min~"' and held for 60 min.

2.3. Dephosphorylation Catalytic Studies. A stock
solution of 4-nitrophenyl phosphate disodium salt hexahydrate
(p-NPP) was first prepared by dissolving p-NPP (20 mg) in
ethanol (100 mL). An aliquot of stock solution (10 mL) was
taken with varying amounts of synthesized systems, and then,
the solution was heated to the desired reaction temperature. As
the reaction proceeded, the solutions turned from turbid white
to turbid yellow, indicating the formation of para-nitrophenol
(p-NP). At different time intervals, 1 mL of the reaction was
collected, and then, the solution was centrifuged at a speed of
16 000 rpm for 10 min, and UV—visible spectra were recorded
of the collected solution.

2.4. Molybdenum Blue Assay. Aqueous 0.1 M L-ascorbic
acid (10 mL) was added to a freshly prepared mixture of
ammonium molybdate solution (S mL, 4 wt % in water) and
aqueous 5.0 N sulfuric acid (17 mL) and gently stirred at room
temperature. Upon mixing, the solution turned golden yellow.

Stock phosphate solutions were prepared by dissolving
Na,HPO, (5 mg) in deionized water (50 mL). A series of
dilutions were carried out to prepare the phosphate standards.
To 1 mL of each standard, 200 uL of the reagent mixture was

added, and the solution slowly turned blue. A total of 200 L
of each standard was dispensed to a microplate for ultraviolet—
visible (UV—vis) spectroscopy analysis at 890 nm, and a
calibration curve for the phosphate concentration was
constructed. To each 1 mL supernatant extracted during the
model dephosphorylation reactions, 200 pL of the reagent
mixture was added. The supernatants quickly changed color
from yellow to clear to blue and were analyzed via UV—vis at
890 nm to quantify the amount of the phosphate present.

2.5. Synthesis of CeO, Nanoparticles Decorated on
Starbon (Ce0,-S400). HACS and water were mixed in a
ratio of 1:10 (w/v) to form a homogeneous mixture."® The
mixture was poured into a Teflon vessel and microwaved at
140 °C for 10 min at 800 psi and 800 W. Thereafter, the
mixture was retrograded (4 °C for 48 h), and the final product
was labeled as pure expanded starch (ES). The latter was
further macerated, PTSA and tert-butanol were added, and the
mixture was stirred at room temperature overnight followed by
freeze drying to afford a white-colored flaky solid. This material
was carbonized under vacuum at 400 °C to yield a black
powder (54%), which was labeled as S-400.

The above-mentioned synthetic route was adapted to afford
Ce0,-5400 as follows. After the retrogradation, cerium acetate
(5 w %) with 1 mM sodium hydroxide was added, and the
mixture was stirred overnight. The resultant, expanded, pale-
yellow solid, indicative of the presence of ceria, was labeled as
CeO,-ES (Figure S1) and was subsequently pyrolyzed at 400
°C to afford the desired Ce0,-S400 (57%).

3. RESULTS AND DISCUSSION

3.1. Infrared Analysis. The FTIR analysis (Figure 1) of
the synthesized systems shows a weak, broad absorbance band
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Figure 1. IR spectra for expanded starch (ES), cerium oxide-
impregnated expanded starch (CeO,-ES), carbonized expanded starch
(S400), and cerium oxide-impregnated carbonized starch (CeO,-
$400).

centered at around 3300 cm™' indicative of the O—H
stretching frequency and a strong absorbance band at 1009
cm™" due to the C—O stretching vibration, which decreases on
pyrolysis.'” In the case of CeO,-S400, the absorbance band at
around 1014 cm™" may be due to the CO;>~ bending vibration

https://doi.org/10.1021/acsomega.2c01832
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Figure 2. Thermogravimetric analysis of (a) expanded starch (ES), (b) cerium oxide-impregnated expanded starch (CeO,-ES), (c) carbonized
expanded starch (S400), and (d) cerium oxide-impregnated carbonized starch (CeO,-S400).

Table 1. Nitrogen Porosimetry Data for Expanded Starch (ES), Cerium Oxide-Impregnated Expanded Starch (CeO,-ES),
Carbonized Expanded Starch (S400), and Cerium Oxide-Impregnated Carbonized Starch (CeO,-S400)

BET surface area mesopore volume/micropore volume at micropore volume mesopore volume average pore diameter
sample (m’/g) p/po = 0.90 (%) &m3/g) %Jcrrf/g) (nm)
ES 26 84.8 0.0014 0.0334 5.85
CeO,-ES 24 90.3 0.0034 0.0318 542
$-400 667 37.3 02471 0.1470 232
Ce0,-5400 345 202 0.1287 0.0325 1.84

and C—O stretching vibration, which may get trapped during
the synthesis procedure. The absorbance band at 1655 cm™ is
synonymous with C=C stretching vibrations,”® which
indicates the existence of aromatic nature in the synthesized
systems. The band at around 652 cm™ is ascribed to the Ce—
O stretching frequency.”’

3.2. Thermogravimetric Analysis. The thermal proper-
ties (TGA) on converting expanded starch (ES) into CeO,-ES,
S-400, and CeO,-S400 are displayed in Figure 2. In all cases,
the first mass loss, which occurs from room temperature to 150
°C, is attributed to the loss of water and any residual
volatiles.”” The TGA of expanded starch (Figure 2a) reveals
multiple decomposition events from 150 to 550 °C

22553

synonymous with degradation of the polysaccharide chain
and affords about 27% of residue.”> The TGA of CeO,-ES
(Figure 2b) is much better resolved and displays increased
thermal stability of the polysaccharide chain from ~190 °C
(Figure 2a) to ~210 °C (Figure 2b). Rapid decomposition of
expanded starch is noted from 210 to 300 °C, which may be
associated with noncomplexed or nonbound ceria or ceria that
selectively binds with amylose and amylopectin chains.
Interestingly, a very distinct decomposition region is now
also observed from 300 to 400 °C accounting for 9.21% of the
total mass loss.

The successful carbonization of expanded starch (ES) to S-
400 (Figure 2c) is evidenced by the presence of a flat line in

https://doi.org/10.1021/acsomega.2c01832
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the region of 150—450 °C followed by the onset of a major
decomposition at 500—480 °C. In the case of CeO,-S400
(Figure 2d), the first weight loss was about 2.5% due to the
loss of water around 100 °C. The second step leads to a
maximum weight loss of 16% due to the decomposition of the
intercalated structure of Starbon.”® The weight loss (8.95%) at
around 600 °C is due to the loss of oxygen at high
temperatures from CeQ,.”* The incorporation of CeO, into
the matrix of the carbonaceous material changes the
degradation pathway.”

3.3. N, Adsorption Porosimetry. The nitrogen adsorp-

tion—desorption isotherms of the prepared samples are shown
in Figure S3 and are classified as type IV (IUPAC), and their
porosity data are summarized in Table 1. In the case of ES and
CeO,-ES (Figure S3a,b), the desorption curves showed the
forced closure phenomenon, as the closure point changed from
0.4 to 0.5 relative pressure. This can be attributed to the
instgké)ility of the meniscus condensation for pores around 4
nm.
For S-400 and CeO,-5400, the hysteresis loop did not close
under low pressure, which may be due to deformation as a
result of the soft nature of the material (Figure S3c,d) or
trapped nitrogen that cannot be released.”” The observed
surface area of both ES (26 m?/g) and CeO,-ES (24 m?/g)
significantly increased on carbonization, $-400 (667 m*/g) and
Ce0,-5400 (345 m?/g), respectively. The decreases observed
in the surface areas of the Ce-containing materials with respect
to the original solids (ES vs CeO,-ES and S$-400 vs CeO,-
$400) may account for the accumulation of nanoparticles
either in the surface or in pores, ie., blocking of pores. The
total micropore volume was found to be 0.247 and 0.128 cm®/
g for S-400 and CeQ,-5400, respectively. The contribution of
mesoporosity with respect to the total pore volume decreased
upon carbonization, as did the pore volume. A decrease in the
pore volume may also be due to the formation/inclusion of
nanoparticles within pores.

3.4. Scanning Electron Microscopy (SEM). The SEM
images (Figure 3) confirm the presence of porosity within the
synthesized materials with/without the presence of nano-
particles. Figure 3a shows the porous network structure of pure
ES, and CeO,-ES (Figure 3b) represents globules along with
the parent network, which depicts the presence of nano-
particles, which results during the drying of the xerogel. The
interconnected networking can be seen in all the synthesized
systems, reflecting porosity. The porosity of the material was
maintained after the incorporation of the cerium precursor,
which can be seen in Figure 3¢,d.

The basic morphology remains unaltered, but the presence
of clumps in between the interconnected structure can be seen,
which indicates the presence of nanoparticles. After pyrolysis,
Ce0,-S400 showed the presence of spherical particles,
indicative of the presence of CeO, nanoparticles (Figure 3d).
The homogeneous distribution of the nanoparticles over the
interconnected network was also assessed by EDX mapping
(Figure S4), which confirms that the nanoparticles are not
concentrated in one part but finely distributed over the entire
network.

3.5. Transmission Electron Microscopy (TEM) and
HRTEM. TEM images (Figure 4a,b) show the presence of a
homogeneous structure around the pores in the case of
expanded starch (ES) and CeO,-decorated expanded starch
(Ce0,-ES). The formation of an intercalated structure was
observed (Figure 4c) due to the removal of the entrapped

Figure 3. SEM images of (a) ES, (b) CeO,-ES, (c) Starbon@400, (d)
Ce0,-S400 at 1 ym magnification, and (e) CeO,-S400 at 10 um
magnification. The marked zones depict the following characteristics
of the materials: In (a), the zoom-out image of one portion of ES
represents the interconnected network present throughout the
material. In (b), the highlighted portion indicates the presence of
globules, which depicts the presence of nanoparticles along with the
parent network. In (e), the image has been taken at 10 ym to visualize
the presence of the network in the pyrolyzed product also.

- MO0

Figure 4. TEM images of (a) ES, (b) CeO, -ES, (c) Starbon@400,
and (d) CeO,-S400.

gases/products as the material tends toward a sp’ carbon
structure. The process of carbonization initiates around the
mesopores because the acid is absorbed on the outer surface
and pores. Figure 4d indicates the presence of an intercalated
structure and nanoparticles, which are spread over the
carbonaceous material. The size of the nanoparticles was
calculated using J image to afford sizes of 14 and 2.5 nm for
Ce0,-ES and Ce0,-S400, respectively (see the inset of Figure
4). On closer inspection, HRTEM (Figure S) clearly showed
the surface and pores to be decorated with spherical-shaped
nanoparticles of around 7 nm diameter possessing a lattice
fringe with a d-spacing of 0.27 nm corresponding to the (111)
facet of the FCC of CeO, nanoparticles.

3.6. X-ray Photoelectron Spectroscopy. The nature and
binding of cerium oxide nanoparticles were investigated by
XPS. Figure 6a,b represents the XPS survey of CeO,-ES and
Ce0,-5400, which indicated the presence of carbon, oxygen,

https://doi.org/10.1021/acsomega.2c01832
ACS Omega 2022, 7, 22551-22558
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Figure 5. HRTEM images of (a) CeO,-ES and (b, c) CeO,-S400.

and cerium in the systems. Figure 6¢,d depicts the character-
istic peak of the Ce 3d shell and confirms the Ce** and Ce**
states. The peaks observed at 885.27 and 903.47 eV are due to
the spin—orbit coupling of the 3ds, and 3d;,, levels,
respectively. In detail, the peak located at 916.78 eV is
ascribed to the 3d'°4f' electronic state of Ce*', whereas the
peaks positioned at 885.27 and 903.47 eV are attributed to the
3d"°4f! states of Ce>*.”®*” The oxygen edge of the synthesized
samples showed peaks at 531.72 and 533.26 eV, which are due
to C=0 and C—O, respectively.”” A peak at 538.34 eV in the
oxygen edge is chemically bound oxygen to the lattice and
chemisorbed oxygen.”' The deconvoluted spectra of the
carbon edge showed binding energy peaks at 284.49 and
284.94 eV representing C sp> and C sp?, respectively. The
peaks at 288.93, 286.45, and 291.20 eV present O—C=0, C—
O, and TI-TI* transitions, respectively.””

3.7. Catalytic Studies and Dephosphorylation Kinetic
Evaluation. The prepared systems were investigated for their
catalytic ability to dephosphorylate waste p-NPP (Figure SS5)
in aqueous solution. p-NPP is a common chromogenic
substrate used for spectrophotometric analysis of phosphates.*
Catalytic cleavage of the phosphate ester bond in p-NPP
generates free phosphate anion groups and p-NP in aqueous
solution. The p-NPP evidences an absorption peak at around
310 nm, and its hydrolysis product displays a characteristic

absorption peak centered around 400 nm in the UV—visible
spectrum. Figure 7 shows the UV—vis spectra collected over
the course of the dephosphorylation of p-NPP using CeO,-ES
(Figure 7a) and CeO,-S400 (Figure 7b) at 40 °C. In the
presence of a catalyst, the characteristic absorbance peak of p-
NP at 405 nm after 3 h was enhanced significantly. The
presence of Ce’" at the surface and matrix is crucial for the
catalytic reaction, which is responsible for cleavage of the
phosphoester bond.

The prepared samples were tested and showed substantially
different catalytic activities toward the dephosphorylation
reaction (Figure S7). The CeO,-loaded samples showed
reasonably effective catalysis activity and were pursued for
further studies. The apparent rate constant was found to be
0.097 + 0.01 min~! for CeO,-ES and 0.15 + 0.03 min~" for
Ce0,-S400 and followed first-order kinetics, as depicted in
Figure S8. Rate constants normalized by the catalytic loading
(k.,) were 80.84 and 15.00 g~ min~" for CeO,-ES and CeO,-
S400, respectively, and the normalized rate constants with
respect to surface area (k,) were 3.38 and 0.04 m™ min™" for
CeO,-ES and Ce0,-5400, respectively. This indicates that the
presence of CeO, nanoparticles, which have different ratios of
Ce**/Ce*™ due to pyrolysis, results in variation in catalytic
activity on the dephosphorylation reaction. The plausible
mechanism of catalytic conversion initiates with the adsorption

https://doi.org/10.1021/acsomega.2c01832
ACS Omega 2022, 7, 22551-22558
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Figure 7. UV spectra monitoring the progress of the catalytic reaction over the time course of (a) CeO,-ES and (b) CeO,-S400.

of p-NPP on CeO, via the interaction between P=0 and Ce.
The Ce*"/Ce’**cations coordinate with phosphoryl oxygen and
activate the P-O bond. After the completion of the reaction,
the product p-NP/phosphate can be readily released from the
surface by water solvation once SN, hydrolysis is activated
(vide infra).>* The difference in the rate constant value of
CeO,-ES and Ce0,-S400 may be due to the concentration
difference of Ce* and Ce®" ions in the matrix. The Lewis

22556

acidity of Ce®" ions plays an important role in the catalytic
activity for dephosphorylation."

The effect of pH on the catalytic dephosphorylation reaction
is shown in Figure S9. A higher yield (%) of p-NP was
observed with increasing pH. In the acidic solution, the
catalytic efficiency was much low. The yield (%) of p-NP
reached close to 20% at pH 3.0, while at pH 7.0, the yield (%)
of p-NP significantly increased to 67%, indicating pH-
dependent catalytic performance. Furthermore, increasing the

https://doi.org/10.1021/acsomega.2c01832
ACS Omega 2022, 7, 22551-22558
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pH resulted only in a slight enhancement of catalytic
performance. Because of the slight difference in catalytic
efficiency under neutral and alkaline conditions, dephosphor-
ylation was optimized at a pH of 7.0. The effect of the catalyst
dose was investigated by varying the amount of the catalyst
(2—12 mg). It was noticed that 12 and 10 mg of the catalyst in
the case of CeO,-ES and CeO,-S400 was effective in catalytic
dephosphorylation, respectively (Figure S10).

After the catalysis, the catalysts were extracted via
centrifugation and scanned to visualize any morphological
changes in the catalyst. It was learned that they retain their
morphological character with minor changes, as shown in
Figure S11. The temperature studies showed an increase in the
yield (%) of the reaction (Figure 8). It is a fact that on

65

—8— CeO Z-ES

89T —e—ce0,-5400

55 |-

35

1 L L
20 30 40
Temperature (°C)

Figure 8. Yield (%) of products formed at various temperatures.

increasing the temperature, the rate of the reaction increases,
and furthermore, more product formation is observed. The
surface-adsorbed p-NPP molecules that cannot be readily
converted to p-NP/phosphate may not be recorded, resulting
in the observed nonstoichiometric relation between p-NPP and
p-NP. The recyclability experiments depicted that after each
cycle, there is a drop in the yield (%) in both of the cases. The
drop (65—61%) is more significant in the case of CeO,-ES
(Figure S12).

4. CONCLUSIONS

The fabricated materials were manufactured via an environ-
mentally friendly route and derived from a green source, which
is important for the future synthesis of biomass-based metal
oxide samples. Novel CeO,-loaded processed biomass samples
were synthesized via the microwave activation method and
characterized using various spectroscopic techniques. The
samples showed potential as heterogeneous catalysts for the
dephosphorylation reaction. The synthesized samples exhibit
high porosity and possessed an interconnected pore network,
which renders them capable candidates for other adsorption
applications. The systematic studies on the model dephosphor-
ylation reaction demonstrated that CeO,-loaded samples
showed potential as a catalyst for dephosphorylation reactions.
The apparent rate constant was found to be 0.97 + 0.1 min™*
for CeO,-ES and 0.15 =+ 0.3 min~"' for Ce0,-S400, showing a
difference in the catalytic performance on processing the

starch. Recyclability of the systems represents an important
merit of the catalysts in practical applications. Consequently,
the present study highlighted the path of these kinds of
biomass-based heterogeneous catalysts decorated with CeO, in
catalysis applications at a large scale.
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